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In  the  context  of  an  upcoming  energy  crisis  due  to  the  decline  of  the  Oil  Era,  water  problems  are 
expected  to  substantially  worsen.  And  vice  versa,  due  to  the  close  relationship  between  water  and  energy 
issues,  water  problems  are  also  expected  to  contribute  to  increased  energy  problems.  Furthermore, 
environmental  considerations,  such  as  global  warming,  will  surely  add  significant  pressure.  In  this 
scenario,  renewable  energies  are  rapidly  increasing  their  contribution  to  the  global  mix,  with  solar  energy 
clearly  having  the  greatest  potential,  and  in  view  of  the  worldwide  coincidence  that  where  there  is  water 
stress  and/or  scarcity,  there  are  also  good  solar  radiation  levels,  the  conclusion  seems  clear  suitable 
technologies  must  be  developed  to  permit  the  use  of  solar  energy  to  simultaneously  help  solve  energy 
and  water  problems.  The  main  solar  energy  applications  for  water  processes  presented  in  this  paper  are: 
(i)  solar  desalination;  (ii)  solar  detoxification  and;  (iii)  solar  disinfection. 
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1.  Introduction:  global  water  and  energy  problems 

Power  and  water  supply  are  widely  recognised  as  the  two  major 
issues  mankind  will  have  to  face  and  solve  during  this  century. 
While  it  is  clear  that,  in  the  next  few  decades,  oil  will  cease  to 
dominate,  it  is  not  yet  clear  today  which  source  of  energy  will 
replace  it.  At  the  same  time,  water  scarcity,  already  a  serious  global 
problem,  will  become  critical  during  the  first  half  of  this  century.  Of 
all  the  current  environmental  problems,  those  related  to  energy 
and  water  are  probably  the  hardest  to  approach  scientifically,  and 
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those  that  will  have  the  worst  long-term  consequences.  Problems 
associated  with  water  scarcity,  and  the  gradual  destruction  and 
contamination  of  fresh  water  resources  are  becoming  more 
pressing  in  many  areas  of  the  planet,  causing  concern  even  in 
countries  which,  so  far,  have  not  experienced  such  problems. 

In  2005,  11,435  million  tons  oil  equivalent  (MTOE)  of  Total 
Primary  Energy  Supply  (TPES)  were  consumed  [1  ],  with  a  planned 
growth  of  0.7%  in  oil  production  by  2030,  when  it  will  start  to 
decline  [2],  followed  by  the  end  of  the  era  of  oil  as  the  dominant 
energy  factor  in  the  mid-term,  mainly  because  half  of  available 
global  conventional  oil  resources  have  already  been  consumed  and 
what  remains  will  be  consumed  within  the  coming  40  years.  In 
fact,  the  most  recent  world  (conventional)  oil  reserve  estimates  are 
(in  billion  barrels):  1210  [3,4],  1317  [5]  and  1120  [6].  Taking  an 
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average  figure  of  1200  billion  barrels,  and  considering  the  current 
(heavily  increasing)  consumption  path  of  nearly  88  million  barrels 
per  day  (about  32  billion  barrels  per  year)  [1],  the  span  is  clearly 
less  than  40  years.  Possible  alternative  primary  energy  sources  are 
also  very  problematic.  Nuclear  energy,  in  addition  to  strong 
popular  protest  in  many  parts  of  the  world,  also  has  limited  long¬ 
term  fissionable  uranium  reserves,  as  well  as  security  concerns 
(potential  fabrication  of  weapons)  in  many  countries.  Coal  involves 
very  high  C02  emissions  and  its  repercussions  on  climate  change 
[7]  are  very  serious.  If  the  energy  prospect  is  worrisome,  problems 
related  to  water  shortage  are  even  worse.  Water  is  essential  to  life 
and  today,  with  more  than  6700  million  inhabitants  in  the  world 
today,  about  600  million  people  are  already  experiencing  chronic 
water  scarcity,  over  1  billion  people  lack  access  to  safe  drinking 
water,  and  unsafe  water  and  poor  sanitation  cause  80%  of  all 
diseases  in  the  developing  world.  Water  tables  are  falling  in  the 
groundwater  sources  available  to  about  one  third  of  the  world’s 
population,  in  some  cases,  by  1-3  m  a  year,  as  nearly  all  running 
surface  water  is  already  in  use  in  many  parts  of  the  world  and  over- 
exploitation  of  groundwater  resources  will  clearly  increase  [8].  If 
the  present  trend  continues,  two  out  of  three  people  on  Earth  will 
be  living  in  water-stressed  areas  by  2025  [9],  with  the  worst 
impact  in  arid  developing  countries  where  average  water 
availability  per  person  will  be  only  about  15%  of  the  per  capita 
availability  in  1950  [8].  Water  supply  for  such  large  populations  is 
therefore  one  of  the  greatest  challenges  mankind  is  facing  today 
[10]. 

In  the  context  of  a  future  energy  crisis,  water  problems  are 
expected  to  substantially  worsen.  And  vice  versa,  due  to  the  close 
relationship  between  water  and  energy,  water  shortages  are 
expected  to  contribute  to  increased  energy  problems  and 
aggravate  their  consequences.  Furthermore,  environmental  con¬ 
siderations,  such  as  global  warming,  will  surely  add  significant 
pressure.  The  consequences  of  this  analysis  are  very  serious,  as  the 
water  problem  cannot  be  effectively  addressed  without  consider¬ 
ing  the  implications  for  energy  and  the  expected  growth  of  human 
population.  Not  only  will  large  unavailable  additional  amounts  of 
water  be  needed  within  a  few  decades,  but  the  energy  to  produce  it 
will  not  be  easily  available.  There  is  therefore  no  solution  to  any 
sustainable  water  and  energy  future  without  the  strong  participa¬ 
tion  of  renewables  in  general  and  in  particular,  solar  energy,  which 
has  the  highest  potential  of  all  the  renewable  energies  [11].  This 
potential  is  clearly  reflected  in  Table  1,  which  shows  the  estimated 
theoretical,  technical  and  economic  potential  of  different  renew¬ 
able  energy  resources,  with  a  total  technical  potential  of  about 
85  TW.  By  comparison,  the  total  primary  energy  consumption  in 
2005  (11,435  MTOE)  as  mentioned  above,  is  equivalent  to 
15.18  TW.  Estimated  global  energy  consumption  to  2050  is  25- 
30  TW,  reaching  40-50  TW  by  2100  [12].  Until  the  hypothetical 
arrival  of  fusion  energy  in  the  distant  future,  only  solar  energy  has 
the  potential  to  amply  surpass  this  figure  (60  TW  of  technically 
feasible  estimated  potential)  [13]. 


Therefore,  as  solar  energy  has  the  highest  potential  of  all  the 
renewables,  and  also,  in  view  of  the  worldwide  coincidence  that 
where  water  stress  and/or  scarcity  exists,  there  are  also  good 
levels  of  solar  radiation,  the  conclusion  seems  clear.  Suitable 
technologies  must  be  developed  to  permit  the  use  of  solar  energy 
to  simultaneously  help  solve  energy  and  water  problems.  The 
main  solar  water  process  applications,  under  scientific  and 
technological  development  at  Plataforma  Solar  de  Almeria,  are 
the  following: 

(a)  Solar  Desalination,  from  two  different  approaches,  combined 
solar  power  and  desalination  plants  (MW  range),  and  medium 
to  small  solar  thermal  desalination  systems  (kW  range). 

(b)  Solar  Detoxification,  by  making  use  of  the  near-ultraviolet  and 
visible  bands  of  the  solar  spectrum  (wavelengths  shorter  than 
390  nm  for  Ti02  and  580  nm  for  photo-Fenton)  to  promote  a 
strong  oxidation  reaction  by  generating  oxidizers,  either 
surface-bound  hydroxyl  radicals  (OH#)  or  free  holes,  which 
attack  oxidizable  contaminants,  producing  a  progressive 
break-up  of  molecules  yielding  C02,  H20  and  dilute  mineral 
acids. 

(c)  Solar  Disinfection,  which  applies  the  detoxification  techniques 
mentioned  above,  using  a  supported  photocatalyst,  to  generate 
powerful  oxidizers  to  control  and  destroy  pathogenic  water 
organisms. 

2.  Solar  brackish  and  seawater  desalination 

The  recent  United  Nations  Human  Development  Report  2006 
[16]  alerts  against  an  unprecedented  crisis  in  coming  years  as  a 
consequence  of  a  growing  scarcity  of  fresh  water  per  inhabitant  in 
developing  countries.  It  forecasts  that  in  the  next  twenty  years,  the 
average  world  water  supply  per  inhabitant  will  decrease  by  one 
third,  due  mainly  to  the  growing  world  population,  environmental 
pollution  and  climate  change.  In  the  second  half  of  this  century,  in 
the  worst-case  scenario,  seven  billion  people  in  60  countries  are 
expected  to  face  a  water  shortage  problem.  In  the  best-case,  this 
scarcity  will  affect  two  billion  people  in  48  countries,  depending  on 
factors  such  as  the  world  population  growth  rate  and  the 
implementation  of  appropriate  corrective  policies. 

The  solutions  for  alleviating  this  water  shortage  problem  go 
from  the  necessary  savings  in  all  consumer  sectors  to  promotion  of 
surface  groundwater  treatment  techniques,  and  reuse  of  waste- 
water  [17].  However,  there  are  areas  on  the  planet  (very  arid  or 
isolated)  that  require  outside  contributions  for  their  development. 
In  this  case,  desalination,  and  especially  seawater  desalination,  is 
proposed  as  one  of  the  main  alternatives  for  solving  the  problem 

[18] .  Desalination  is  quite  often  not  just  an  interesting  alternative, 
but  the  only  feasible  and  practical  option,  as  more  than  70%  of 
world  population  lives  in  a  70  km  strip  bordering  the  seas  [18].  In 
2003,  world  installed  desalination  capacity  was  37.75  hm3/day 

[19] .  64%  of  this  is  for  seawater,  with  10,350  plants  having  a 


Table  1 

Yearly  estimated  potential  of  different  renewable  energies  (1  TW  =  continuous  power  production  of  1  TW  during  the  year  =  8760  TWh  =  31.53  exajoules)  [13-15].  Total 
primary  energy  consumption  in  2005  =  15.18  TW  [1  ]. 


Gross  theoretical  useful  potential 

Technically  feasible  potential 

Current  economic  potential 

Total  installed  capacity  (2003) 

Biomass 

8-14  TW 

6-8  TW 

No  data3 

1.6  TW 

Hydraulic 

4.6  TW 

1.6  TW 

0.8 

0.65  TW 

Geothermal 

66  TW 

11.6  TW 

0.6  TW 

0.054  TW 

Wind 

20  TW 

2  TW 

0.6  TW 

0.006  TW 

Solar 

600  TW 

60  TW 

0.15-7.3  TW 

0.005  TW 

Ocean 

234  TW 

No  data 

No  data 

- 

Total 

1030TW  (approximately) 

85  TW  (approximately) 

7  TW  (approximately) 

2.3  TW  (approximately) 

a  Water  availability  may  become  an  important  limiting  factor. 
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capacity  of  over  1 00  m3/day.  Today,  total  production  of  desalinated 
water  covers  the  necessities  of  about  100  million  people  [20]. 

Seawater  desalination  has  been  shown  to  be  the  only 
alternative  for  many  regions  in  the  world  such  as  the  Persian 
Gulf,  the  Mediterranean  Sea  and  the  Caribbean,  and  is  also  an 
important  source  of  fresh  water  in  many  other  areas  of  the  world. 
Despite  the  advances  in  energy  efficiency  during  the  last  decade, 
seawater  desalination  continues  to  be  an  intensive  consumer  of 
fossil  fuels.  Furthermore,  the  majority  of  these  areas  have  large 
amounts  of  solar  energy  available  and,  taking  the  energy  situation 
into  consideration,  the  solar-driven  desalination  option  not  only 
seems  completely  logical  but,  in  the  mid  range,  absolutely 
necessary.  It  is  also  clear  that  scientific  and  technological 
developments  are  still  needed  to  make  them  economically  feasible. 

2.2.  Solar  thermal  desalination 

For  large  desalinated  water  production  volumes,  the  best  option 
is  indirect  solar  desalination  [21],  which  consists  of  hooking  up  a 
conventional  distillation  plant  to  a  solar  collector  field  providing 
the  thermal  energy  required  for  multi-stage  flash  (MSF)  or  multi¬ 
effect  distillation  (MED).  Conventional  MSF  plants,  for  reasons  such 
as  cost  and  apparently  high  efficiency,  pushed  out  MED  systems  in 
the  1960s,  and  only  small  MED  plants  were  built.  Flowever,  in  the 
last  decade,  interest  in  multi-effect  distillation  has  been  sig¬ 
nificantly  renewed  and  the  MED  process  is  currently  competing 
technically  and  economically  with  the  MSF  technology  [22,23]. 
Recently,  the  “Enhanced  Zero  Discharge  Seawater  Desalination 
using  Hybrid  Solar  Technology”  project  (AQUASOL),  mainly  for 
developing  an  improved-cost  and  energy-efficient  MED  solar 
desalination  technology  (Fig.  1),  was  concluded  at  the  Plataforma 
Solar  de  Almeria. 

The  AQUASOL  project  was  the  continuation  of  long  previous 
research  in  solar  desalination  at  the  Plataforma  Solar  de  Almeria, 
and  widely  reported  in  many  previous  papers  [24].  The  project 
focused  on  the  development  of  specific  technological  aspects 


that  are  expected  to  significantly  improve  the  present  technical 
and  economic  efficiency  of  solar  MED  systems  and  thereby 
reduce  the  cost  of  water  production.  The  main  plant  subsystems 
are: 

•  A  multi-effect  distillation  plant  (14  effects,  3  m3/h  nominal 
distillate  production). 

•  A  stationary  500  m2  CPC  (Compound  Parabolic  Concentrator) 
solar  collector  field  (Fig.  2). 

•  A  water  thermal  storage  system  (total  volume:  24  m3). 

•  A  Double-Effect  (LiBr-H20)  Absorption  Heat  Pump  (DEAHP)  for 
heat  recovery  from  the  last  MED  effect  (leading  to  a  significant 
increase  in  overall  process  efficiency). 

•  A  smoke-tube  gas  boiler. 

•  An  advanced  solar  dryer  for  brine  treatment  and  final  salt 
production. 

Fig.  1  shows  the  configuration  and  interconnection  of  these 
main  subsystems.  The  overall  system  was  designed  to  operate  in 
three  modes  depending  on  the  heat  source  [25]: 

•  Solar-only  mode:  energy  entering  the  first  distillation  effect 
comes  exclusively  from  thermal  energy  from  the  solar  collector 
field. 

•  Fossil-only  mode:  the  double-effect  absorption  heat  pump 
(DEAHP)  supplies  all  of  the  heat  required  by  the  distillation  plant. 

•  Hybrid  mode:  the  energy  comes  from  both  the  heat  pump  and 
the  solar  field.  Two  different  operating  philosophies  were 
initially  considered  here: 

-  The  heat  pump  works  continuously  24  h  a  day  with  a  30% 
minimum  contribution. 

-  The  pump  is  started  up  and  shut  down  on  demand,  depending 
on  the  availability  of  the  solar  resource. 

Other  interesting  solar  desalination  technology  options,  also 
under  development  at  PSA,  are  air-gap  membrane  distillation  [26] 


66.5  °C 
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Fig.  2.  AQUASOL  500  m2  stationary  CPC  solar  collector  field. 


and  combined  solar  thermal  and  reverse  osmosis  using  an  organic 
Rankine  cycle  [27]. 

2.2.  Integration  of  desalination  processes  in  concentrating  solar 
power  plants 

MW  scale  solar  power  generation  using  Concentrating  Solar 
Power  (CSP)  technology  may  be  by  any  of  the  four  basic  types  being 
promoted  internationally:  central  receivers,  parabolic  troughs, 
parabolic  dishes  and  linear  Fresnel  systems.  All  of  them  are  based 
on  glass  mirrors,  which  continuously  track  the  position  of  the  sun 
to  attain  the  desired  concentration  ratio.  The  concentrated  sunlight 
is  absorbed  by  a  tube  specially  designed  to  reduce  heat  loss.  Heat 
transfer  fluid  (e.g.,  oil)  flows  through  the  absorber  tube  and 
transfers  the  heat  to  a  power  cycle,  where  high-pressure  high- 
temperature  steam  is  generated  to  drive  a  turbine  in  a  conven¬ 
tional  power  cycle.  Recently,  direct  steam  generation  is  also  being 
used  for  power  production. 

Several  different  basic  conventional  co-generation  power¬ 
desalting  plant  (CPDP)  configurations  are  possible  for  generating 
electricity  and  producing  fresh  water  from  seawater  [28]:  (i)  MSF 
units  operating  with  steam  extracted  from  steam  turbines,  or 
supplied  directly  from  boilers;  (ii)  low-temperature  multi-effect 
boiling  (MED),  using  steam  extracted  from  a  turbine  and;  (iii) 
seawater  RO  desalting  units  supplied  with  electricity  from  a  steam 
power  plant  or  from  a  combined  gas/steam  power  cycle.  In  Gulf 
countries,  most  power  plants  are  co-generation  power  desalting 
plants  that  integrate  the  three  conventional  (MSF,  MED  and  RO) 
desalination  technologies  at  different  levels.  The  preference  of  one 
scheme  over  another  would  depend  on  many  factors,  such  as  the 
required  power  to  water  ratio,  cost  of  fuel  energy  charged  to  the 
desalting  process,  electricity  sales,  capital  costs,  and  local 
requirements  [29].  In  the  last  few  years,  hybrid  desalination 
systems  combining  both  thermal  and  membrane  desalination 
processes  with  power  generation  systems  have  also  been 
considered  an  economical  alternative  to  traditional  dual-purpose 
evaporation  plants.  Hybrid  (membrane/thermal/power)  config¬ 
urations  are  characterized  by  flexible  operation,  low  construction 
cost,  lower  specific  energy  consumption,  high  plant  availability 
and  better  power  and  water  matching  [30].  However,  it  has  also 
been  shown  that  most  existing  dual-purpose  power-desalination 
plants  are  far  from  optimized  for  energy  and  their  overall  efficiency 
still  has  much  room  for  improvement  [31  ].  The  idea  of  integrating 
desalination  in  solar  power  plants  is  therefore  very  attractive  as 
there  is  usually  abundant  solar  radiation  at  places  where  fresh 
water  is  scarce. 

Solar  power-water  co-generation  plants  (CSP  +  D)  are  therefore 
a  very  attractive  concept  as,  potentially,  it  could  solve  power  and 


water  problems  in  many  arid  and  semi-arid  areas  of  the  world.  For 
dual-purpose  power  and  water  plants,  combined  gas  and  steam 
turbine  cycles  are  the  most  efficient  for  power  production,  and 
MED  is  the  most  efficient  thermal  desalination  technology. 
Therefore,  the  combination  of  a  solar  field  and  a  combined  cycle 
power  plant  in  an  integrated  solar  combined  cycle  power  plant 
(ISCC)  is  a  good  way  to  reduce  the  cost  of  solar  generation  through 
the  use  of  common  infrastructure  and  the  economics  of  scale  of  the 
steam  turbine.  Although  the  ratio  of  solar  to  fossil  generation  is  low 
in  an  ISCC,  the  absolute  solar  electricity  generated  (in  kWh)  is 
higher  for  a  given  incremental  investment  than  in  a  solar  Rankine 
cycle  power  plant. 

This  configuration,  in  which  an  MED  unit  replaces  a  conven¬ 
tional  water  cooling  system  for  condensation  of  turbine  exhaust 
steam  (Fig.  3),  although  it  is  one  of  the  first  basic  CSP  +  D  plant 
designs,  it  is  not  necessarily  the  best  one,  because  in  most  cases, 
the  water  produced  does  not  compensate  its  reduction  in 
electricity  production.  Consequently,  other  possible  configurations 
(such  as  the  merging  of  combined  cycles  and  heat  pumps)  are  more 
attractive  than  the  one  in  Fig.  3. 

CSP  +  D  power  plant  potential  is  very  high,  and  even  more  so 
thermodynamically,  and  depending  on  the  selected  configuration, 
perfectly  logical.  CSP  is  already  a  reality  in  countries  such  as  Spain, 
and  could  cover  14%  of  the  electricity  demand  of  MENA  (Middle 
East  and  North  African)  countries  by  2025.  By  2050,  it  could 
become  the  dominating  power  source  in  the  region  with  a  57% 
share  at  an  estimated  cost  in  the  8  c€/l<Wh-to-15  c€/l<Wh  range 
[31].  More  R&D  and  Demonstration  would  be  needed,  but  the 
steep  rise  in  oil  price,  already  pressuring  to  reduce  the  cost  of 
conventional  power  and  energy-intensive  desalination  systems,  is 
a  major  force  in  promoting  such  initiatives,  as  CSP  technology  is  a 
very  promising  alternative  to  the  problem  [32].  Land  required  by 
these  technologies  for  the  concentrating  solar  thermal  collector 
array  to  desalinate  1  billion  m3/year  would  be  approximately 
10  km  x  10  km,  which  is  about  10  m3  of  desalinated  water  per 
square  meter  of  collector  area  [31]. 

3.  Solar  water  photocatalytic  applications 

3.2.  Fundamentals 

The  involvement  of  sunlight  in  the  removal  of  synthetic 
chemicals  from  the  environment  is  well  documented  in  the  many 
papers  published  in  recent  years  [33],  “Advanced  Oxidation 
Processes”  (AOPs)  have  become  important  hazardous  water 
pollution  treatment  techniques,  with  an  increasing  number  of 
technically  and  economically  feasible  applications  [34].  The  main 
reason  for  the  use  of  AOPs  is  usually  severe  water  pollution  and/or 
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Fig.  3.  Basic  schematic  diagram  for  a  100-MW  combined  solar  power  (Rankine  cycle)  +  desalination  plant,  in  which  the  condenser  system  is  replaced  by  an  MED  desalination 
system. 


toxicity  which  cannot  be  treated  biologically.  All  AOPs  are  based  on 
the  generation  of  powerful  oxidant  radicals,  and  “Photocatalytic 
Oxidation  Processes”  (PCOs)  are  usually  included  among  the  AOPs, 
along  with  other  radical-promoting  processes  like  plasma, 
electron-beam,  etc.  The  main  advantage  of  PCOs  over  other  AOPs 
is  their  potential  for  using  solar  energy  in  the  form  of  solar  photons 
(e.g.,  in  solar  detoxification),  whereby  degradation  becomes  more 
environmentally  significant. 

To  date,  the  PCO  processes  most  widely  studied  and  developed 
for  the  solar  decontamination  of  water  effluents  have  been 
heterogeneous  Ti02  with  persulfate  enhancement  and  homoge¬ 
neous  photo-Fenton  (Table  2)  [35].  Both  processes  make  use  of  the 
most  energetic  part  of  the  solar  spectrum  near  the  ultraviolet/ 
visible  light  in  a  very  strong  oxidation  reaction  which  takes  place 
when  the  radiation  activates  a  photocatalyst  in  the  presence  of 
oxygen.  This  generates  hydroxyl  radicals  (*OH)  that  attack  any 
organic  compound  in  the  medium,  gradually  causing  bonds  to 
break  and  turning  into  compounds  such  as  carbon  dioxide  and 
water. 

The  powerful  oxidation  capacity  of  hydroxyl  radicals  is  given 
by  its  high  oxidation  potential  (E0  =  2.8  V  vs.  NHE),  which  is 
much  higher  than  other  conventional  oxidants  such  as  ozone 
(E0  =  2.07  V),  hydrogen  peroxide  (E0  =  1.7 8  V),  chlorine  dioxide 
(E0  =  1.57  V),  chlorine  (E0  =  1.36  V),  etc.  It  is  therefore  able  to  react 
with  almost  any  organic  aromatic  compound  and,  consequently, 
photocatalytic  processes  can  be  applied  to  hazardous  non- 
biodegradable  water  contaminants  having  no  easy  conventional 
treatment  at  maximum  organic  concentrations  of  several  hundred 
mg  L-1.  The  process  is  also  valid  for  complex  mixtures  of  organic 


Table  2 

Photocatalytic  oxidation  processes  that  can  be  driven  by  solar  energy. 


Ti02-persulfate  photocatalytic 
system  (7  <  390  nm) 

Photo-Fenton  method  (H202  and  Fe2+) 
irradiated  in  the  UV-vis  range  (7  <  580  nm) 

Ti02  +  hv  ->  +  hJB 

hyg  +  H20  — >  *OH  +  H+ 

S2082  +  eCB  — ■>  SO4*  +  SO42 

S04-  +  H20-**OH  +  S042”  +  H+ 

Fe2+  +  H202  ->  Fe3+  +  OH~  +  *OH 

Fe3+  +  H20  +  hv— >  Fe2+  +  H+  +  *OH 

contaminants.  Some  examples  are  hazardous  pollutants,  such  as 
phenols,  agrochemical  wastes,  halogenated  hydrocarbons,  indus¬ 
trial  pharmaceutical  biocides,  wood  preserving  waste,  hazardous 
metal  ions,  cyanides,  aqueous  munitions  waste,  etc.  [36].  Other 
applications  of  interest  are  treatment  of  polluted  groundwater, 
seaport  tank  terminals,  cleaning  landfills,  etc. 

3.2.  Solar  photocatalytic  water  treatment  plants 

Solar  photocatalytic  treatment  plants  are  usually  operated  in 
batch  mode.  Polluted  water  must  first  be  pre-treated  so  the  organic 
destruction  process  takes  place  under  the  best  possible  conditions. 
After  this,  the  catalyst  is  added  and  the  mixture  is  pumped  in 
batches  through  the  chemical  reactor  (solar  collector  field)  until 
the  pollutants  are  degraded.  Depending  on  the  nature  of  the 
contaminants  to  be  treated,  some  potentially  useful  chemical 
oxidants  can  be  added  to  enhance  process  efficiency.  When  the 
process  is  complete,  post-treatment  processes  must  adjust  the 
water  chemistry  to  conditions  suitable  for  discharge.  When 
industrial  wastewater  is  followed  by  biological  treatment  [37], 
post-treatment  could  be  reduced  to  a  mere  pH  adjustment  and 
catalyst  recovery. 

Fig.  4  shows  the  conceptual  design  of  the  solar  photocatalytic 
treatment  plant  developed  to  treat  wastewater  from  recycling 
pesticide  bottles  (Albaida  plant,  Almeria,  Spain).  The  water  from 
washing  the  pesticide  bottles  is  treated  in  batches  until  80%  of  the 
TOC  has  been  mineralized.  At  this  point,  the  water  is  transferred  to 
the  post-treatment  (iron  precipitation,  sedimentation  and  recup¬ 
eration),  and  either  reused  for  bottle  washing  or  discharged  for 
irrigation  through  an  activated  carbon  filter  to  ensure  discharge 
quality.  The  water  for  reuse  is  pumped  back  to  wash  the  shredded 
plastic  until  TOC  is  100  mg  L-1.  In  this  closed  cycle,  water  may  be 
reused  up  to  about  10  times  before  final  discharge.  About  95%  of 
the  contaminants  are  mineralised  and  a  granulated  activated 
carbon  filter  removes  the  remaining  5%  [38].  The  solar  photo¬ 
catalytic  treatment  plant  is  provided  with  fully  automatic  control 
systems  for  minimum  operation  and  maintenance  requirements. 
The  level  of  water  treatment  is  indirectly  measured  by  measuring 
sunlight  availability.  About  75%  of  the  total  volume  of  the 
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Fig.  4.  Conceptual  design  of  the  ALBAIDA  solar  photocatalytic  plant  for  the  treatment  of  wastewater  from  washing  shredded  plastic  pesticide  bottles  for  recycling. 


treatment  circuit  is  continuously  exposed  to  sunlight  in  150  m2  of 
CPC  solar  reactors.  Once  the  desired  destruction  is  achieved,  the 
water  is  transferred  to  the  catalyst  separation  tank,  and  the 
treatment  circuit  is  filled  again  with  new  wastewater  to  be  treated, 
restarting  the  process.  A  programmable  logic  controller  controls  all 
operating  procedures  and  sequences.  Initial  market  analyses  show 
a  number  of  suitable  applications  for  this  remarkable  environ¬ 
mental  technology,  treatment  of  pesticides  being  one  of  the  most 
promising  (Fig.  5). 

Partial  oxidation  of  toxic  compounds  by  AOPs  has  been  shown 
to  substantially  increase  wastewater  biodegradability.  Even 
though  AOPs  for  wastewater  treatment  have  been  proven  to  be 
highly  efficient,  their  operation  is  currently  quite  expensive  (tens 
of  €/ m3).  The  combination  of  a  solar  AOP  as  a  preliminary 
treatment,  followed  by  an  inexpensive  biotreatment,  would 


Fig.  5.  Two  views  of  industrial  solar  photocatalytic  water  treatment  plant  for 
pesticide  bottle  recycling  (La  Mojonera,  Almeria,  Spain). 


therefore  seem  to  be  an  economically  attractive  option.  Recently 
(2006),  a  new  step  successfully  combines  solar  photo-Fenton  and 
aerobic  biological  processes  to  treat  industrial  saline  wastewater 
containing  about  0.6  g/L  of  a  nonbiodegradable  compound  (a- 
methylphenylglycine,  MPG)  and  0.4-0.6  g/L  TOC.  It  consists  [39]  of 
a  solar  photo-Fenton  reactor  with  100  m2  of  CPCs  and  an  aerobic 
biological  treatment  plant  based  on  a  1  m3  capacity  immobilized- 
biomass  reactor.  The  combined  system  efficiency  was  about  95% 
mineralization.  50%  of  the  initial  TOC  was  degraded  in  the  photo- 
Fenton  pre-treatment,  while  45%  was  removed  in  the  aerobic 
biological  treatment. 

4.  Solar  water  disinfection 

4.2.  Fundamentals 

Poor-quality  drinking  water  or  inadequate  treatment  is  one  of 
the  greatest  predictable  causes  of  early  death  in  the  world.  This  is 
because  water  is  one  of  the  major  vehicles  of  contagion.  According 
to  the  World  Health  Organisation,  polluted  drinking  water  is 
responsible  for  about  five  million  deaths  per  year  worldwide,  and  a 
fatal  childhood  risk  factor.  Every  8  s,  a  child  dies  from  a  water 
pollution-related  disease.  And  this  problem  is  not  limited  to 
developing  countries.  Even  in  OCDE  countries,  there  are  often 
outbreaks  of  such  diseases  [40].  The  most  commonly  used 
disinfection  methods  are  based  on  chlorination,  in  which  diluted 
chlorine  or  gas,  efficiently  fights  viruses  and  bacteria.  However, 
these  methods  generate  highly  toxic  by-products,  such  us 
trihalomethanes  and  other  carcinogenic  compounds. 

The  bactericidal  effect  of  solar  radiation,  first  reported  by 
Downes  and  Blunt  in  1 877,  makes  use  of  the  ultraviolet  range  of  the 
solar  spectrum,  which  is  limited  to  wavelengths  over  290  nm.  The 
instantaneous  solar  irradiation  in  a  given  location  depends  on 
the  solar  height  and  can  vary  by  a  factor  of  2-100.  Of  all  the  solar 
radiation  that  reaches  the  Earth’s  surface,  less  than  10%  is  UV  light, 
of  which  only  a  small  part  is  useful  for  water  disinfection.  In  spite  of 
this,  much  has  been  published  on  treatment  of  water  contaminated 
by  organic  compounds  and  microorganisms  based  on  exclusive  use 
of  solar  radiation  [41].  It  has  been  demonstrated  to  eliminate  a 
large  number  of  organic  and  pathogenic  organisms,  avoiding 
generation  of  the  toxic  by-products  typical  of  conventional 
technologies.  The  rate  of  bacterial  decontamination  by  solar 
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radiation  is  proportional  to  radiation  intensity  and  temperature, 
and  inversely  proportional  to  the  depth  of  the  water,  due  to  light 
dispersion.  The  amount  of  radiation  attenuated  by  this  depends  on 
the  wavelength  range.  For  example,  between  200  and  400  nm,  the 
reduction  is  less  than  5%  itT1  depth,  and  at  longer  wavelengths  it 
may  be  up  to  40%  m-1  [42]. 

The  most  destructive  wavelengths  for  microbial  life  are  in  the 
near  UV-A  spectrum  (320-400  nm),  whereas  the  spectral  band 
from  400  to  490  nm  is  the  least  harmful.  Likewise,  differences  in 
bacterial  inactivation  rates  at  temperatures  between  12  and  40  °C 
are  negligible,  but  the  bactericidal  action  is  accelerated  twofold 
when  the  temperature  rises  to  50  °C,  probably  due  to  the 
synergetic  effect  between  radiation  and  temperature  [43].  Joyce 
et  al.  report  very  promising  results  with  disinfection  of  water  with 
high  concentrations  of  faecal  bacteria  (106CFU/mL,  colony¬ 
forming  units  per  mL)  making  use  of  the  bactericidal  effect  of 
solar  heating  at  a  maximum  of  55  °C  [44].  Recent  publications,  such 
as  those  by  Rincon  and  Pulgarin  [45-48]  analyse  the  role  of 
different  parameters  on  photocatalytic  bacteria  disinfection.  Light 
intensity,  intermittence  of  light,  presence  of  electrolytes  and 
dissolved  organic  matter,  use  of  real  water  and  distilled  water,  and 
different  types  of  catalyst  have  been  studied  exhaustively  in  their 
research.  New  studies  on  solar  disinfection  done  at  the  Plataforma 
Solar  de  Almeria  with  E.  coli  and  Fusarium  spp.  focus  on  the  study  of 
the  influence  of  different  operating  parameters  [49-52]. 

4.2.  Research  activities  and  applications 

The  European  Union  International  Cooperation  programme 
(INCO)  has  recently  sponsored  two  different  projects  for  develop¬ 
ing  a  cost  effective  technology  based  on  solar  photocatalysis  for 
water  decontamination  and  disinfection  in  rural  areas  of  devel¬ 
oping  countries  (SOLWATER  and  AQUACAT  projects)  [53].  Both 
projects  explore  development  of  a  solar  reactor  to  decontaminate 
and  disinfect  small  volumes  of  water  (Fig.  6).  Field  tests  with  the 
final  prototypes  were  carried  out  in  2005  to  validate  operation 
under  real  conditions  [54].  Similar  tests  have  been  performed  in 
photoreactors  installed  in  Argentina,  Egypt,  France,  Greece, 
Mexico,  Morocco,  Peru,  Spain,  Switzerland  and  Tunisia.  Fig.  7 
shows  a  photograph  of  the  prototypes.  Water  from  the  feed  tank  is 
pumped  through  illuminated  tubes  connected  in  series  in  a  CPC 
solar  collector.  Electricity  is  provided  by  a  solar  panel  and  the 
volume  in  the  feed  tank  plus  tubes  is  20  L. 

Among  the  recent  projects  being  carried  out  at  the  Plataforma 
Solar  de  Almeria,  the  SODISWATER  project  (http://www.rcsi.ie/ 
sodis /),  funded  by  the  European  Commission  (VII  FP)  should  be 
mentioned.  The  strategic  goal  of  this  project  is  the  development  of 


Fig.  6.  Conceptual  scheme  of  SOLWATER  and  AQUACAT  photoreactor  prototypes  (1 : 
photovoltaic  panel;  2:  Ru(II)  photoreactors;  3:  supported  Ti02  photoreactors;  4: 
pump;  5:  electrical  box;  6:  easily  opening  to  photoreactors  exchange). 


an  implementation  strategy  for  the  solar  disinfection  of  drinking 
water  (SODIS  technique  [55])  for  appropriate,  effective  and 
acceptable  intervention  against  waterborne  disease  in  vulnerable 
communities  in  developing  countries  without  reliable  access  to 
safe  water,  or  in  the  immediate  aftermath  of  natural  or  manmade 
disasters. 

The  SODIS  technique  is  highly  effective  against  a  wide  range  of 
pathogens  such  as  Escherichia  coli ,  Vibrio  cholerae ,  Salmonella 
typhimurium ,  Shigella  dysenteriae  Type  I,  Pseudomonas  aeruginosa, 
Candida  albicans,  Fusarium  solani,  and  the  trophozoite  stage  of 
Acanthamoeba  polyphaga.  The  biocide  effect  of  sunlight  is  due  to 
optical  and  thermal  processes  and  a  strong  synergistic  effect  at 
temperatures  over  45  °C  [55].  In  addition  to  direct  killing  by  UV 
light,  sunlight  is  absorbed  by  photosensitizers  present  in  the  water, 
which  then  react  with  oxygen  producing  highly  reactive  oxygen 
molecules  such  as  hydrogen  peroxide  and  superoxide  dismutase, 
which  have  a  disinfecting  effect.  Although  SODIS  has  only  been 
evaluated  for  a  small  number  of  viruses,  the  efficacy  of  SODIS  for 
many  viral,  protozoan  and  helminthic  pathogens  prevalent  in  Sub- 
Saharan  Africa  and  developing  countries  in  general,  remains 
uncertain. 

Another  potentially  important  application  of  solar  photocata¬ 
lytic  disinfection  is  the  control  and  inactivation  of  pathogenic 
species  present  in  the  nutritive  solution  in  circulating  hydroponic 
culture  (advanced  greenhouse  agriculture).  This  is  the  purpose  of 
the  FITOSOL  project,  which  has  already  proven  the  feasibility  of 
photocatalytic  inactivation  of  several  different  phytopathogenic 
microorganisms  at  lab  and  pilot-plant  scale  (Fig.  8),  and  under  real 
conditions  using  solar  radiation  as  a  natural  source  of  UV  photons. 

One  of  the  most  important  diseases  in  hydroponic  culture  is 
infection  by  fungal  species  like  Pythium,  P.  parasitica  alpidium 
bornovanus,  Fusarium  oxysporum  f.sp.  radiciscucumerium,  and  other 
microorganisms,  which  cause  significant  losses  in  greenhouse 
cultivation.  The  damage  from  these  microorganisms  becomes 
more  severe  when  water  is  recirculated.  These  pathogenic 
microorganisms  are  difficult  to  control  once  they  have  entered 
the  agricultural  system.  Various  chemical  fungicides  (etridiazole, 
furalaxyl,  metalaxyl,  benomyl,  copper  oxalate  or  oxyquinoline- 
sulphate)  have  been  tested  for  pathogen  control  but  have  turned 
out  to  be  phytotoxic  in  soilless  cultures.  Chlorine,  a  universal 
disinfectant,  has  provided  irregular  results  and  is  often  phytotoxic. 
The  application  of  surfactants  for  controlling  Alpidium  bornovanus 
and  incorporation  of  5-7%  sodium  hypochlorite  in  the  irrigation 
water  have  demonstrated  limited  success.  Therefore,  non-chemi¬ 
cal  methods  of  pathogen  control  in  hydroponic  cultures,  based  on 
solar  photochemical  processes  could  offer  a  very  attractive  and 
innovative  solution. 


Fig.  7.  Final  SOLWATER  and  AQUACAT  water  (solar  photocatalytic)  disinfection 
system  installed  at  Ecole  Superieure  de  Technologie  de  Fez  (Morocco). 
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Fig.  8.  Macroconidia  of  Fusarium  equiseti  stained  with  Malachite  Green  before  (left)  and  after  5  h  of  photocatalytic  treatment  (right)  [50]. 


5.  Solar  energy  and  sustainable  development:  conclusions 

The  20th  century  brought  unprecedented  development  in 
human  history  with  major  breakthroughs  in  all  scientific  and 
technical  fields.  However,  those  breakthroughs  have  not  been  for 
free,  and  in  some  cases,  and  from  certain  points  of  view,  the  price 
paid  has  been  excessive.  During  the  last  100  years,  human 
population  has  multiplied  fourfold  (from  1.6  billion  people  in  1900 
to  over  6  billion  at  present).  However  water  consumption  has 
multiplied  by  nine  in  the  same  period  and  energy  consumption  by 
sixteen,  and  all  that  with  very  significant  associated  degradation  of 
the  environment  and  natural  resources.  Water  and  energy,  along 
with  air  we  breathe,  are  the  three  elements  essential  to  life  and 
civilization  (obviously,  linked).  At  present  there  is  a  clear 
consensus  on  the  impact  that  this  overexploitation  of  resources 
is  having  on  the  fragile  ecosystem  of  our  planet,  stretching  to  the 
limit  (if  not  already  surpassing)  the  possibilities  for  sustainability 
the  planet  can  offer.  Therefore,  this  development,  which  has  been 
and  is  clearly  unsustainable,  must  become  environmentally 
friendly,  understanding  as  sustainable  development  that  which 
is  able  to  fulfil  our  needs  without  endangering  those  of  future 
generations. 

To  break  the  currently  worrying  vicious  circle  of  necessary 
development  and  limited  resources,  the  following  three  essential 
elements  are  considered  necessary:  (a)  new  ideas  that  can  be 
deployed  by  the  majority  of  people;  (b)  more  effective  and 
environmentally  friendly  innovative  technologies;  (c)  political 
demand  and  policies  to  effectively  implement  them.  In  this 
context,  renewable  energies  in  general  and  in  particular,  solar 
energy,  because  its  potential  is  the  highest  of  all  renewables,  are 
called  to  play  a  key  roll  in  meeting  the  goal  of  sustainable 
development.  Associated  technologies  could  not  only  guarantee 
power  and  water  supply,  but  provide  economic  development  and 
employment  in  many  Sunbelt  areas  of  the  world.  Costs  are  still 
higher  than  other  conventional  technologies,  but  a  strong  global 
effort  in  research,  development  and  demonstration  could  rapidly 
reduce  the  existing  gap.  Growing  oil  price  instability  and 
environmental  requirements  are  other  factors  which  contribute 
heavily  to  the  development  of  all  these  solar  energy  technologies 
associated  with  water  processes  and  applications. 
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